Supplementary Materials section S1. Rayleigh-Plateau breakup
For a liquid jet, small perturbations (waves) on the surface are amplified if their wavelength > 1 (53, 54) . In non-actuated systems, all these wavelengths are excited e.g. by thermal fluctuations or mechanical vibrations, and breakup into a polydisperse distribution of droplet sizes is observed. In contrast, breakup into monodisperse droplets can be achieved by actuating a single frequency mode, with the fastest-growing wavelength = √2 1 ≈ 4.4 1 . Using = 1 / , with the actuation frequency, and using volume conservation (jet sections with volume 4 1 2 result in droplets with volume 6 3 ), the droplet diameter is readily calculated. For a 0.5% alginate solution that was jetted from a 100µm nozzle with a velocity of 3.18m/s (Q = 1.5ml/min), the most robust break-up was that ionotropic gelation of the alginate containing droplets is rapid enough to freeze the particle shape before deposition in a bath or onto a substrate at 1-10 cm distance from the jets' collision point. Furthermore, both the model and the measurements indicate that especially the jet's velocity, rather than the angle, is a powerful parameter to control the droplet shape. The predicted angle-dependence is not observed, possibly due to the coarse assumption that droplet's velocity is constant. Finally, for high jet velocity ratios (α > 2.5), a huge variation in the elongation is observed. This is the result of break-up of the microgel droplets into a head and a tail, as shown in the inset in fig. S6l .
section S3. Comparing IAMF to droplet-based particle formation technologies
In-air microfluidics (IAMF) is a new technology for producing droplets and particles, and is therefore concisely compared to alternative methods that rely on the ejection of droplets into air. More detailed overviews of microparticle fabrication are provided in recent reviews (56-58).
Droplet-based particle formation strategies, including electrostatic vibrating nozzle, Jetcutting, spinning/spraying, inkjet, dripping into air, and laser-induced forward transfer (LIFT), typically rely on impact of liquid droplets that are solidified by diffusion of a crosslinker. The main difference between these methods is the droplet generation strategy. In particular, vibrating nozzle technology exploits controlled break-up of a continuous liquid jet (as also used in IAMF) to process low to medium viscosity liquids (µ ≲ 1 Pa s) (59) for a broad range of particle sizes (µm to mm) (60). JetCutting is conceptually similar to vibrating nozzle technology, but enables processing of much more viscous liquids as it relies on mechanical cutting of the jets rather than vibration-induced breakup (59, 60). However, only relatively large particles can be formed (>100µm). Electrostatic-based technologies pull droplets or jets from a Taylor cone. For high viscosities the jet remains intact, resulting in fiber formation, whereas a lower viscosity results in a droplet formation by break-up. Various particle compositions and morphologies have been achieved, with a typical size between 100nm and 10µm (57). Dripping into air was recently shown to enable production of complex particles (61), but is still limited in throughput.
Inkjet (62) relies on a sudden push of the liquid interface within a nozzle, resulting in the ejection of an elongated jet which contracts into a droplet. Inkjet is very reproducible and parallelization has become relatively straightforward, but is limited to low-viscosity liquids (63) (ideally ~5 to 50 mPa s) and a droplet size range of 30 µm to 100 µm. Finally, LIFT is a method for droplet and particle generation by locally heating a thin solid film with a focused laser pulse (64). This film thermally expands or vaporizes, resulting in the ejection of a small fragment from the film. LIFT is versatile, as it enables ejection of highly viscous liquids, high-melting-point metals, pastes, and multi-layer functional materials (65), but is neither practical for lab-scale production due to the complexity of the setup, nor widely used in industry as continuous replenishment of the donor layer is challenging.
In contrast to particle solidification by impact onto a bath, IAMF relies on in in-air solidification. This strategy solves two current challenges:
(1) For conventional technologies, droplets frequently coalesce upon impact onto the bath, resulting in multi-drop particles as shown in fig. S2e . For vibrating nozzle, Jetcutting, and electrospraying, the droplets are therefore charged or the bath is stirred to ensure that each droplet lands on a ``clean'' part of the bath. Inkjet and LIFT prevent coalescence by reducing the repetition frequency, but this slows down the production rate and these methods are more complicated to operate. IAMF relies on a co-flow of two jets of similar velocity, and therefore achieves per-particle encapsulation. Even if the outer droplets coalesce, the inner particles stay separated as they are already encapsulated. Therefore, the bath can be at rest and a tightly directed stream of droplets can be used.
(2) Impact onto the bath results in shape deformation of the particle. The reason is that the droplet's velocity must be high to achieve ejection (corresponding to We ej >1), but these Weber numbers are also sufficient to deform the droplet upon impact (see e.g. (17)). Therefore, deformed particles are generally observed for low viscosities (<0.1 Pa s). IAMF decouples the ejection velocity from the impact velocity, by using small angles between the droplet train and the intact jet. Therefore, spherical particles can be produced as shown for a wide size range of 0.5% alginate particles. For cell-containing droplets, IAMF offers an additional advantage. The required surface tension modifiers used in IAMF (here: >1% ethanol) do no harm to cells as the droplets are only exposed for ~100ms, which is below the diffusion time of ethanol into the drop. Subsequently, the ethanol content is strongly diluted upon impact onto the bath which does not contain ethanol. In alternative technologies, impact-cushioning surfactants must be added to the bath (66), potentially impairing cell survival or function.
Finally, IAMF provides benefits regarding versatility, safety, scalability, and convenience. First, IAMF enables easy fabrication of both particles and fibers with diameters from ~10 µm to ~1 mm. Second, IAMF requires no high voltages, no rotating parts, and no pulsed lasers, thereby reducing safety risks, breakdown risk, and cost. Third, nozzle clogging is prevented by circumventing gelation at the nozzle.
This benefits scalability, where clogging of one nozzle in a multi-nozzle array affects the flow properties in the remaining nozzles.
section S4. IAMF with respect to additive manufacturing technologies
IAMF combines low-viscosity ejection as used in e.g. inkjet 3D printing with deposition of shape-stable materials as exploited in e.g. extrusion direct-write. Therefore, we concisely discuss IAMF in the context of additive manufacturing technologies. We limit ourselves to extrusion and droplet-based techniques as these are closest to IAMF; see (67, 68) for a broader overview.
Extrusion direct-write is a particularly versatile method to create 3D shapes, as a wide array of materials can be incorporated in high-viscosity inks that provide instant shape stability (67, 69) In most consumer extrusion printers, nozzles are heated to locally melt a polymer, which resolidifies upon deposition (68). Heating is not feasible for thermally sensitive inks (e.g. cells in bio-inks (42, 70, 71)) and high-melting point materials (e.g. metals or ceramics (72)), but these materials can still be processed by incorporating them in shear-thinning inks that are shape-stable upon deposition (73).
Finally, truly freeform structures can be extruded by using supportive structures such as hydrogels (74).
As the throughput is low for small nozzle diameters, and scalability by multiple nozzles is non-trivial for the high-viscosity inks used, integrating small-scale architectures in large-scale constructs is far from trivial. For cell-containing bio-inks this low throughput is an even worse problem, as (1) the cells have a limited survival time in the ink reservoir, (2) detrimental shear stresses must be suppressed by reducing the flow rate even further (and using larger, ~1mm nozzles), and (3) a minimum amount of material is required for many applications, especially those of clinical relevance (75).
Drop-on-demand techniques, including inkjet printing (40), valve-based printing (76), laser-induced forward transfer (LIFT) (64), and electrohydrodynamic jetting (77), rely on the ejection and deposition of droplets. In short, inkjet is a scalable method to eject droplets of low-viscosity inks, providing truly voxel-based patterning (63). Although ejection is highly controlled, a key challenge occurs upon deposition, as the droplets significantly deform (flow) before they solidify. Consequently, the voxels typically obtain a relatively complex disk-like shape which is challenging to control and predict, and is therefore not ideal for 3D printing. Valve-based printing allows higher viscosities than inkjet, and therefore substantially expands the material range. However, as the droplets still deform upon impact, it does not provide immediate shape fidelity as offered by e.g. extrusion printing. LIFT allows ejection and deposition of higher viscosities and even fully solid multimaterial voxels (78). These are ejected by focusing a pulsed laser onto a donor film, which then expands or partly evaporates resulting in propelling the material towards a receiver substrate. LIFT provides remarkable versatility, but the operation of the setup and the preparation of donor films are fundamentally more challenging than operating e.g. extrusion or inkjet. Finally, electrohydrodynamic printing exploits strong electric fields to eject and deposit nano-to microscale droplets, providing high-resolution patterning. However, as the printed 3D constructs affects the electric fields, 3D electrohydrodynamic printing is still challenging especially for larger (>1mm) constructs (79).
On-the-fly droplet solidification of droplets, as presented here, combines the ejection of low-viscosity inks (which is scalable with e.g. inkjet) with the deposition of shape-stable solid ``modules'' (which allows fine intricate architectures that can e.g. be deposited with extrusion). These modules can be morphologically complex and consist of heterogeneous substances. Their size ranges from 20µm to 300 µm, which is relevant for biological as well as structural materials. As each voxel has an equal volume, this approach may also provide new opportunities for fabrication of monodisperse foams and soft metamaterials.
Finally, IAMF provides a solution for a well-known trade-off in biofabrication (41). Here, in extrusionbased techniques, cell survival is reduced for fine resolutions or high viscosities due to high shear stresses in the nozzle (70). Drop-on-demand techniques achieve high resolutions and throughput, but compromise on shape fidelity due to post-impact deformation of low-viscosity inks (80). In-air processing provides a solution to this issue, as the shear stresses stay low throughout the process: (1) At the nozzle, flow rates are high but shear stresses are low due to the low viscosity; (2) In-air impact is gentle due to the small relative velocity difference between the drops and the jet, suppressing shear rates; and (3) Upon impact onto a bath or substrate, the solid particles hardly deform and therefore ``shield'' their contents (42). As such, IAMF combines high throughput, high cell survival, good shape fidelity, and modular material deposition as demonstrated in Fig. 4 , and therefore opens a relevant new approach for rapid modular material production in biofabrication (32, 41).
fig. S1
. Schematic of the setup. Liquid jets are ejected from nozzles 1 and 2. Nozzle 1 is actuated with a piezo-electric element controlled by a pulse generator, resulting in controlled breakup of jet 1 into monodisperse droplets as shown. A pulsed laser is used to illuminate the droplets and "freeze" their motion when visualized with a camera. Impacting these droplets onto a bath without encapsulation (d) results in droplet coalescence and therefore large, uncontrolled particles (e). As discussed in SI section 3, current technologies prevent this issue by using e.g. using charged droplets that disperse. Instead, we initially aimed for in-air encapsulation by drop-drop-coalescence, but droplet synchronization could only be achieved using 2 identical liquids, as shown in (f) (here: water-water). The impact of a jet and a droplet train as used in IAMF constitutes a more robust system that maintains in-line droplet processing and omits the need for temporal synchronization of the jets, as shown in (g) movie S1. One-step 3D modular printing a solid freeform. A tube with an outer diameter of ~15 mm is printed in one step, by depositing core-shell alginate microparticles onto a rotating substrate.
movie S2. Omnidirectional printing using IAMF handheld device. Through in-air solidification, IAMF enables on-step printing of 3D modular materials onto substrates with arbitrary inclination angles. 
